Summary
It is shown that the flow in chromatography is nearly always laminar in nature. Starting from the Darcy equation, expressions are given for the flow rate in both gas and liquid chromatography columns. The concepts of specific permeability, chromatographic permeability and column resistance factor arediscussed for packed as well as open tubular columns. The experimental determination of all these factors is demonstrated. The fn ~ fluence of the shape and pore Volume of porous and non-porous supports on the column resistance factor and the chromatographic permeability is discussed.
I ntrod uctio n
The permeability of a column, determines how much pressure is needed to achieve a given flow rate. Understanding of the flow phenomena in chromatographic columns is of paramount importance since in the practice of chromatography the maximum column inlet pressure that can be applied is often the limiting factor in obtaining more theoretical plates. The scope of this paper is to present a survey of factors determining the macro-flow in packed and open tubular columns for both gas and liquid chromatography. For a more extensive treatment of the subject the reader is referred to the excellent reviews by Deininger [1] and Guiochon [2] .
Basic Concepts of Fluid Flow in Chromatographic Columns
The discussion will be restricted to Newtonian fluids flowing in circular tubes. For Newton/an fluids, as normally encountered in chromatography, the viscosity is independent of rate of shear and constant at a given temperature.
The viscosities of liquids and of gases at pressures normally used are also independent of pressure. They increase with temperature for gases whereas the viscosity of liquids decreases with increasing temperature. Chromatographic flow is nearly always laminar in nature, seldom molecular or turbulent.
In gas chromatography the flow can be of the molecular or Knudsen type in parts of the column only if the outlet is maintained under a high vacuum as, for example, when a gas chromatographiccolumn is directly connected to the ion source of a mas s spectrometer. But even in this ~ase only a very small part at the column end is operating under Knudsen conditions and the overall effect can be neglected [3] . Whether the flow through chromatographic columns is laminar or turbulent depends on the magnitude of the Reynolds number Re, a dimensionless parameter which is given by pum d Re = --where u m is the mobile phase velocity (ms -i ) averaged over the cross section of the fluid stream as defined later, d is the tube or particle diameter (m), p is the density (kgm -a) and 7/ the dynamic viscosity (Nsm -2) of the mobile phase.
Below a critical value Re < Reef the flow is laminar. There are some discrepancies in the literature with respect to the magnitude of Recr.
Open Tubular Columns
For gases and liquids flowing in open tubular columns Recr is somewhere between 1500-2300.
From the definition of the Reynolds number it follows that in liquid chromatography the value of Re and thus the type of flow will be the same at every point in the column.
For gases behaving ideally ~ is independent of pressure. The product of p and Um is constant while due to decompression p is proportional to and Um is inversely proportional to the local pressure. Thus, the Re number again is constant at any point in the column. This conclusion even holds when the column is operated at relatively high pressure gradients. In gas chromatography, Re usually is calculated from l~m dc Re= r/ where d e is the internal column diameter, Um is the average linear carrier gas velocity and t7 the density at the average column pressure, ~, to be defined in the following. Re values between 1 and i0 can be expected under operating conditions normally used in both gas and liquid chromatography. This means that the flow in open tubular columns can be considered to be laminar in practically all cases.
Porous Media (Packed Columns)
Turbulence and the transition from laminar to turbulent flow is not nearly as well defined in packed columns as in open tubes.
Substituting the particle diameter, dp in the definition of the Re number, values between 1 <Recr< 100 are quoted for the transition from laminar to turbulent flow. Under conditions normally encountered in chromatography the flow in packed columns will also always be laminar in nature.
Velocity Definitions
As shown in Fig. 1 , packed columns generally are assumed to be composed of 4 different volume fractions.
Due to the presence of a solid material, only a fraction eu of the column volume V is occupied by the "moving" mobile phase, while a fraction e i is filled with "stagnant" mobile phase, residing in the pores of the solid particles. Thus, when discussing flow phenomena it becomes necessary to distinguish between the following frequently used definitions of fluid velocity [4] :
where F is the volumetric flow rate at some position in the column and A is the cross-sectional area of the empty tube. This velocity has no real physical significance for packed columns. For open tubular columns e i = 0, e u = 1 (the volume fraction e s that is occupied by the stationary phase is usually neglected), and the superficial velocity is equal to the mobile phase and unretained component velocities described in the following.
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The mobile phase is considered to be moving only in the interparticle volume (V u = eu V) of a packed bed (Fig. 1) .
In an open tubular column eu = 1; for packed columns eu ~ 0.4. Values of e u and e i can be measured by non-chromat0 graphic methods, e.g. by mercury porosimetry. The~ measurements, however are not easily performed.
In practice, UM is found from the column length L and th retention time t M of an unretained component: UM = L/tM In gas chromatography, instead of UM the average velocit 3 tiM will be used, as will be explained later.
Darcy's Law
As pointed out before, chromatographic flow is nearly always laminar in nature.
Under laminar conditions the total flowthrough a column is described by Darcy's law (slightly modified to include the dynamic viscosity ~/): F B dp Um = A e u 17 eu dz which relates mobile phase velocity to the pressure drop dp/dz, viscosity, interparticle porosity and the specific permeability B. In gas chromatography, dp/dz varies throughout the column length.
As can easily be seen, Darcy's law bears a strong resemblance to the well known Ohm's law.
It should be emphasized that Darcy' s law does not yield information about the micro-flow pattern. Only the total flow can be calculated.
Integration of the Darcy Equation for Liquid Chromatography
Since in liquid chromatography dp/dz is constant along the column, the Darcy equation can be integrated to:
where Ap = Pi --Po is the difference between Column inlet and column outlet pressures. This equation can be rewritten as
As is shown in Fig. 2 [7] suggested the use of a dimensionless quantity, the column resistance factor, $, def'med as:
Bo
Substitution of the chromatographic permeability, Bo, in this equation gives:
Because ~ is independent of the particle diameter, this factor enables comparison of the packing density of columns packed with differently sized particles. Values of the various permeabilities (B, B* and Bo) and the column resistance factor q~, calculated according to the equations given in Table I are presented in Table II , for different types of liquid chromatography columns. It should be noted that the values of e u and e i used in the calculation are average literature values. Obviously for materials with a porous structure different from the materials as given in Table II (for example GPC packings), the actual values of e u and ei have to be inserted into the equations. Probably the theoretical values of the column resistance factor ~ vary between 405 for spherical non-porous particles and 1550 for angular porous supports with an intraparticle porosity ei of 0.5. For columns packed with impervious glass beads with a particle diameter between 15/am and 10Q/am, column resistance factors of 500 respectively 800 were reported by Schick-Kalb [8]. Knox and Pryde [9] obtained values of ~ of about 500-700 for spherical silica and its chemically modified derivatives. In a comparative study of column resistance factors between angular and spherical silicas by Unger [10] a difference in resistance factors of roughly a factor of 2 was found (theoretically if2 = 1.7) It should be emphasized, however, that both types of packing also differ in inter-and intraparticle porosities.
In preparing packed columns it is essential to use a narrow particle size range of the solid support -otherwise smaller particles tend to fill the interparticle vohune between the large particles, so that the e u values are decreased. As can be seen from the equation above the column resistance factor ~ will be appreciably increased in this case.
Determination of Permeability and Column Resistance Factor
Experimental values of the column permeability and the column resistance factor can be obtained fairly easily.
From the equations given in Table I it is evident that the table IV.  Example: for a "reversed phase" column, packed with a chemically modified porous silica (dp =5/am, L= 15cm) using an aquous eluate (such as phosphate buffer) and the UV detectable nitrate ion, a t M value of 178s is found at a pressure drop of 6.3MPa (1 MPa = 106Nm -== lObar). = 0.020 9 10 -12 m 2 and r d~ (5 "10-6) 2 = B--~ = 0.020 " 10 -12 = 1250
The differences in r when comparing the theoretical value (1550) and the experimental value (1250) can be explained from deviations of the assumed particle shape, the packing technique used and the non uniformity of the particle size distribution.
For a correct measure of tM, one must be assured that the unretained component indeed will penetrate the entire pore system of the support material. Obviously the residence time at the interface of the column and the injection and detection system should be negligibly small compared to tM, as must be the pressure drop across these extra-column parts. A second and more reliable method for permeability determination, based on velocity measurements as a function of pressure drop is illustrated in Fig. 2 . The chromatographic permeability Bo is equal to the slope of the straight line resulting from the plot uf UM vs Ap/r/L. Note that this line should pass through the origin.
For open tubular columns the agreement between experimental and theoretical permeabilities (Bo) and column resistance factors (r is much better. The experimental values generally are very near tO the theoretical value, being d~/32 for the permeability and 32 for the column resistance factor. The small deviations are mainly clue to variations ofthe column diameter along the column.
Integration of the Darcy Equation for Gas Chromatography
With gases as mobile phases, being compressible media the integration of Darcy's law is necessarily more complex. As the mass flow of the mobile phase is constant at any position (x) in the column for ideal gases under isothermal conditions it follows (Boyle's law) giving:
3 Po (p2 _ 1)2 UM = Bo 4~L(P a-l) Experimental data for the chromatographic permeability can be obtained in a similar way as shown skip above already for liquid chromatography by inserting the retention time of an unretained substance and the column inlet and outlet pressures in the equation above. Moreover, the column length and carrier gas viscosity must be known. Viscosity data of carrier gases currently used are presented in Table V. Alternatively, the chromatographic permeability also can be found from velocity measurements at differing column inlet pressures. As shown in Fig. 3 , in this case Bo is equal to the slope of the straight line that can be fitted through the data points when aM is plotted versus: 3 Po (p2_ i)2 4 r/L (p3_ 1) 373K  473K  573K  673K   103  121  139  154  229  270  307  342  2O8  246  311  185  229  268  128  166  201  ' 235  269  322  368  411 
